Flexible photoelectric film is an anisotropic material. The slight change of equipment performance during processing is prone to cause deformation of the material. Therefore, it is important to predict the degradation of processing equipment performance. Since the performance degradation of flexible photoelectric film material Roll-to-Roll (R2R) processing equipment is a nonlinear process, this paper introduces an adaptive fuzzy clustering method to construct a fuzzy membership function model for calculating the performance degradation index of R2R processing equipment and studies the parameter solving method such as the AFCM division of the roller vibration data, the category center value of the fuzzy membership function, and the input data division area width. Finally, the performance degradation index calculation algorithm is designed. The roller shaft accelerated life test was carried out using self-made equipment. The test data were 1000 sets. The results showed that the root mean square eigenvalues and the kurtosis eigenvalues of the roller vibration data are sensitive to the performance degradation. The equipment performance curve described by the first and second types of performance degradation indicators was very stable in the early stage. After the 800 th group, the curve continued to decrease, and the change was more severe, indicating that the performance degradation of the equipment is more serious. In the 980 th group, the longer-lasting roller shaft was damaged, and the performance index value was about zero, which proved the correctness of the performance degradation prediction method proposed in this paper in calculating the performance degradation value of the equipment.
Introduction
In recent years, breakthroughs have been made in the research of wearable sensors, OLEDs, and film solar cells using flexible photoelectric films as substrate materials, and the demand for industrialization and large-scale production has been put on the agenda. At present, the R2R method is widely used in the international manufacturing of the above materials. The research shows that the R2R processing quality of the flexible photoelectric film material is mainly caused by the working performance of the device, and since the flexible photoelectric film (hereinafter referred to as flexible material) is an anisotropic material, the deformation is diverse and uncertain, small changes in the performance of the core equipment of manufacturing equipment can easily lead to wrinkles, interlayer slippage, or breakage in the material processing process, so it is important to predict the performance degradation of flexible material processing equipment [1] . Recently, research on prediction methods of equipment performance degradation has become a research hotspot. For example, Jay Lee combines SOM neural network with statistical pattern recognition (SPR) to propose a prediction method for online adaptive equipment performance degradation, which is verified in the health monitoring experiment of machine test bench [2] ; Faisal studied the risk prediction method using self-organizing map in the risk prediction of system failure and applied the probability analysis to classify the risk characteristics of the system [3] . Reference [4] combined Stream of Variation (SOV) model with quality control chart for fault prediction of flexible material manufacturing systems.
Considering that the performance degradation of processing equipment of flexible photoelectric film materials is a nonlinear process in which the equipment gradually evolves from a normal state to a fault state, and the number of rollers of the flexible material R2R manufacturing equipment is large, and the movement of the roller shafts in the continuous manufacturing process is related to each other. The processing quality of flexible materials is affected by the performance status of many different types of roller shafts. In this paper, the vibration data of the R2R processing roller shaft under normal conditions is used as the fuzzy prototype. Then the similarity relationship (fuzzy membership) between the fuzzy prototype and the latest collected roller vibration data is used to reflect the performance degradation of the roller. The large value of the fuzzy membership function indicates that the roller still works in the normal state. When the value is close to zero, the performance of the roller shaft is seriously degraded. The curve of the fuzzy membership function value reflects the performance degradation trend of the roller shaft. The following describes the construction of processing equipment performance prediction model based on adaptive fuzzy clustering, model parameter identification, and model verification.
Flexible Material Processing Equipment Performance Degradation Prediction Adaptive Fuzzy Clustering Modeling Framework
As described above, the fuzzy membership relation (fuzzy similarity relationship) between the vibration data of the R2R processing roller shaft under normal conditions and the most recently acquired roller shaft vibration data reflects the tendency of the roller shaft to deteriorate. Since the fuzzy membership function value indicates the similarity between a batch of vibration data and the fuzzy class prototype, if the value of the fuzzy membership function is close to 1, it indicates that the performance state of the device is good. If the value of the fuzzy membership function is gradually reduced and close to 0, it means that device performance is declining. Therefore, the derivative fuzzy membership function is the key link in the establishment of performance degradation prediction model [5] . Figure 1 shows the AFCMbased R2R device performance degradation prediction modeling framework. The Adaptive Fuzzy Clustering Method (AFCM) has the following advantages: it can adaptively adjust the initial cluster center, the radius of the segmentation area, and the number of cluster categories, and the division of the roller characteristic parameters can avoid the appearance of empty classes [6] . Therefore, the AFCM is used to fuzzy divide the data of the normal operation state of the equipment, and the fuzzy prototypes of various characteristic parameters of the roller shaft vibration data are obtained. Then, the clustering center v i of the characteristic parameters and the partitioning area width j are solved, and the membership function of the device performance degradation is derived. Finally, the weighted average calculation of various performance indicators is used to obtain the calculation formula of equipment performance degradation index.
Derivation of Calculation Model for Performance Degradation Index of Processing Equipment Based on AFCM
3.1. AFCM Partition of Roller Shaft Vibration Data. In this paper, the adaptive fuzzy clustering method (AFCM) and the Mahalanobis distance are combined, and the Mahalanobis distance is used to represent the measurement of the distance of the roller vibration data of the processing equipment. The fuzzy partition matrix and the category center of characteristic parameter x t can be obtained by solving the minimum value of the objective function (formula (1)) of the c fuzzy partitions of the various parameters of the roller vibration data [7, 8] .
In formula (1), X = {x 1 , x 2 , ⋅ ⋅ ⋅ , x n } is the n-dimensional input roller characteristic parameter set; U = [u k ] is the fuzzy division matrix of the input roller characteristic parameter set X (u tk is the k th characteristic parameter that belongs to the Mathematical Problems in Engineering 3 membership degree of the t th class); V = {v 1 , v 2 , ⋅ ⋅ ⋅ , v c } is the cluster center set; m ∈ [1, +∞) is the cluster fuzzy weighted index (generally m=2); D 2 tkM t is the squared product norm of the data x t in the n-dimensional data space to the cluster center v t distance:
In formula (2), M t = det(W t ) 1/n •W −1 t , W t is a positive definite symmetric matrix, and the adjustment of W t is realized by the estimation of covariance (formula (3)). Thus, the division of the input roller characteristic parameter set is achieved.
The fuzzy partitioning of input data based on AFCM is mainly to solve the fuzzy partition matrix and cluster center. Formula (1) minimizes the objective function which is its fuzzy clustering basis, and there is ∑ =1 = 1, = 1, 2, . . . , , then formula (1) can be combined with the Lagrange multiplier method to integrate the objective function and constraints, and the Lagrange multiplier is introduced to form a new objective function [9, 10] .
The principle of AFCM division of the characteristic parameters of the roller shaft vibration data is to find the best (U, V, ) combination, so that the J(X; U, V, ) under the constraint condition, the characteristic parameters division of various roller shafts can reach a minimum value. Under the condition that formula (5) is satisfied, in the process of solving the minimum value of the objective function J(X; U, V, ), the optimization necessary condition of formula (4) needs to satisfy the requirements given by formula (6) . The optimal fuzzy partition matrix of the characteristic parameters and the category center are obtained:
Finally, according to the above derivation, design the flowchart of the calculation model of performance degradation index based on AFCM ( Figure 2 ).
Derivation of Membership Function by Using Equipment Performance Degradation Index.
Since the root mean square (RMS) eigenvalues and the kurtosis eigenvalues can effectively reflect the change of the roller shaft vibration data, in this paper, the RMS eigenvalues and the kurtosis eigenvalues are used to represent the characteristics of the roller shaft vibration data. The membership function of each type of roller shaft performance degradation of the processing equipment is separately calculated, and the output of the membership function calculation results is divided into two categories. One is the membership calculation result obtained by taking the root mean square as the eigenvalues as input (hereinafter referred to as set 1), and the other type is the membership calculation result obtained by using the kurtosis as the characteristic value as input (hereinafter referred to as set 2). Adding the values of each individual item included in set 1 and then averaging, obtaining the first type of performance degradation index value of the processing equipment, adding the values of each single item included in set 2, and then averaging, obtaining the second type of performance degradation index value of the processing equipment. Use the first and second types of performance degradation indicators to capture device performance degradation [11] .
Assuming that the input characteristic parameter fuzzy partition matrix is U = [u tk ] after the AFCM division characteristic, and the c-group fuzzy category number is R t (1 ≤ t ≤ c), then the category center v tq and corresponding variance 2
In the above formula, v tq is the category center value;
2 tq is the input data partition region width; u m tk is the k th sample; x k belongs to the t th membership value; m is the fuzzy degree introduced by the fuzzy clustering algorithm; q k is category value [12] . After AFCM clustering, the membership function of the corresponding characteristic parameter x k to R t is (x k ), then (x k ) can be expressed as follows [13] :
where tq is the divided region radius of the input characteristic parameter and v tq is the cluster center value of the t th cluster center. The physical meaning of the membership function jt (x k ) is to reflect the similarity relationship between the input characteristic parameter x k and the fuzzy class R t prototype. If the characteristic parameter x k is close to the fuzzy class prototype, the membership function jt (x k ) is close to 1; if the characteristic parameter x k is far from the fuzzy class prototype, the membership function jt (x k ) is close to 0 [14] . 2 tq reflects the quality of fuzzy partitioning. When the value of 2 tq is larger, the quality of AFCM partitioning is relatively poor. When the value of the variance 2 tq of all the fuzzy division categories is smaller, it is considered that the fuzzy division has a better result.
The performance degradation of the flexible material R2R processing equipment is mainly caused by the performance variation of each roller shaft, and the roller shaft performance degradation is a gradual process of random nonlinearization from the normal state to the fault state. From the perspective of membership degree, it is a continuous change process from 0 to 1 or from 1 to 0. The degree of degradation of the roller performance can be evaluated by the value of the fuzzy membership function value given by formula (9) . When the function value is close to 1, it indicates that the roller performance is in a normal state. When the value of the membership function is close to 0, it indicates that the performance of the roller shaft is seriously degraded.
Model Verification and Test Experiment
To verify the performance degradation index calculation model proposed above, the flexible photoelectric film material R2R processing test was carried out using the experimental equipment of [4] (Figure 3) . The roller shaft of the experimental equipment is mounted on the bearing housing. The roller shaft rotates during the machining process. Since the roller shaft and the bearing are connected together, the vibration speed of the roller shaft is reflected on the bearing. Therefore, a high-sensitivity triaxial acceleration vibration sensor is installed directly above the bearing housings of the unwinding roller shaft, the guide roller shaft, the driving roller shaft, and the winding roller shaft, to collect the vibration data of the roller during the processing of the equipment (the test device is shown in Figure 3 ).
The vibration sensor is installed on the bearing housing of each type of roller shaft, the processing speed of the equipment is set to 10m/min, and all the bearings are forcibly lubricated. After being measured by standard instruments, the vibration frequency range of the roller shaft under normal running conditions is 10Hz< f <1000Hz. According to the expert's experience, the vibration velocity is used to evaluate the vibration of the roller shaft, and the 1000 sets of vibration characteristic data of the unwinding roller shaft, the guide roller shaft, the driving roller shaft, and the winding roller shaft are, respectively, collected, wherein the first 600 sets of data are collected under normal operating conditions of the equipment, and the next 400 sets of data are collected while reducing the lubrication of the roller shaft.
Characteristic Extraction of Vibration Data.
Extracting time domain eigenvalues of the collected vibration data after noise reduction processing and taking the drive roller shaft as an example, Figure 4 is a curve graph of peak eigenvalues of vibration data, Figure 5 is a curve of eigenvalues of square root amplitude, Figure 6 is a curve of variance eigenvalues, Figure 7 is a graph of standard deviation eigenvalues, Figure 8 is a graph of eigenvalues of waveform indicators, Figure 9 is a graph showing the eigenvalue of the margin index, Figure 10 is a graph of the eigenvalue of the pulse index, Figure 11 is the root mean square (RMS) value curve, and Figure 12 is the kurtosis curve.
After comparing Figures 4, 5, 6, 7, 8, 9, 10, 11, and 12, it can be found that the RMS value curve and the kurtosis curve of the roller vibration data are very stable in the early stage. Until the end of life, there is a rapid rise phenomenon, which indicates that the RMS eigenvalues and the kurtosis eigenvalues are sensitive to the performance degradation of the roller shaft of flexible material R2R processing equipment. data are normalized according to formula (10) , and the normalized result of characteristic parameters shown in Table 1 is obtained (limited to the length, only 30 sets of data are listed). According to formula (8) , the category centers v i , i = 1, 2, 3, 4 of the respective roller shaft vibration data and their corresponding divided region widths 2 iq are calculated as shown in Table 2 .
Derivation Performance Degradation Index Calculation
By substituting the fuzzy cluster center and the divided area width in Table 2 into formula (9), the fuzzy membership function for calculating the roller performance degradation as shown in Table 3 can be obtained. According to the foregoing, the first type of performance degradation index value (with the RMS as the eigenvalues of the vibration data) is obtained by adding the membership value of each roller shaft performance degradation calculation and then averaging; therefore, in combination with Table 3 , the formula for calculating the first type of performance degradation index value can be obtained as
Similarly, the second type of performance degradation index value (with kurtosis as the eigenvalue of the vibration data) is calculated as 
Calculation and Analysis of Equipment Performance
Degradation Indicators. The roller shaft of the equipment shown in Figure 3 was replaced with a new roller shaft. The equipment has been continuously operated for 20 days. During this period, the roller shaft was not lubricated, and 700 sets of roller shaft vibration characteristic data were obtained. Then the equipment roller shaft was replaced with a longer-age roller. The shaft has been continuously operated for 10 days, during which the roller shaft was not lubricated, and 300 sets of roller vibration characteristic data were obtained, so that a total of 1000 sets of vibration characteristic data of each process of the roller shaft were obtained. It should be noted that the guide roller shaft with a long period of time was damaged near the 800 th data. Figure 13 shows the first type of performance degradation index values curve calculated from 1000 sets of data, and Figure 14 shows the second type of performance degradation index values curve.
From Figures 13 and 14 , the first and second type of performance degradation index value have been in a relatively stable state before the 700 th group of data; however, between 700 and 800 sets of data, the first type of performance degradation index curve began to decline, which indicated that device performance began to decline. After the 800 th group, the curves of the first and second types of performance degradation indicators continued to decline, and the changes were more severe, which indicated that the performance degradation of the equipment was more serious. When the data was collected to 980 groups, the roller shafts with a long period of time were too long, resulting in mechanical fatigue, which caused the roller shaft to be damaged, which affected the normal operation. The performance degradation of the device could be reflected intuitively through the graphs in Figures 13 and 14 , which means the performance degradation prediction model provides the correct calculation results.
8
Mathematical Problems in Engineering Figure 11 : RMS value curve.
Conclusion
The performance degradation of flexible photoelectric film material processing equipment is a nonlinear process. This paper innovatively proposes to use fuzzy membership function to characterize equipment performance degradation and established a model for predicting the performance degradation of flexible material processing equipment based on adaptive fuzzy clustering. Derivation of the category center value of the fuzzy membership function, the parameterization method of the input data partitioning region width, and the algorithm for calculating the performance degradation index are given. Experiments show that the RMS eigenvalues and the kurtosis eigenvalues of the roller vibration data of the processing equipment change very smoothly in the early stage until the end of life reaches a rapid rise phenomenon, which indicates that the RMS eigenvalues and the kurtosis eigenvalues are sensitive to the performance degradation of the roller shaft of the flexible material R2R processing equipment.
The performance degradation prediction model was verified by 1000 sets of characteristic data obtained from the accelerated life test of the equipment. The results show that the performance values of the first and second types of performance degradation indicators are always stable before the 700 th data. After the 800 th data, the curve of the performance degradation index value continued to decrease. In the 980 th data group, the performance of the performance index curve is close to zero due to the damage of the long-lasting roller shafts. This shows the correctness of the performance degradation model calculation model proposed in this paper.
